Abstract-Joint torque sensing represents one of the foundations and vital components of modern robotic systems that target to match closely the physical interaction performance of biological systems through the realization of torque controlled actuators. However, despite decades of studies on the development of different torque sensors, the design of accurate and reliable torque sensors still remains challenging for the majority of the robotics community preventing the use of the technology. This letter proposes and evaluates two joint torque sensing elements based on strain gauge and deflection-encoder principles. The two designs are elaborated and their performance from different perspectives and practical factors are evaluated including resolution, nonaxial moments load crosstalk, torque ripple rejection, bandwidth, noise/residual offset level, and thermal/time dependent signal drift. The letter reveals the practical details and the pros and cons of each sensor principle providing valuable contributions into the field toward the realization of higher fidelity joint torque sensing performance.
I. INTRODUCTION
T HE capability of accurately delivering torques is a key factor in dynamic decoupling and motion/force control of robotic platforms [1] , [2] . The availability of joint torque measurement also permits the implementation of control schemes for compensating the system uncertainties/non-linearities [3] , [4] , as well as for realising safer interaction operation modes [5] . Reliable and accurate measurement of joint torque is, however, subject to several challenges such as crosstalk of non-axial loadings, gearing torque ripples, unwanted compliance and thermal effects.
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Digital Object Identifier 10.1109/LRA.2017.2662744 sections undergoing deformations. There are several studies on this area, amongst which there is a group of works exploiting the compliance of gearing reduction system, while others devised a secondary load cell component for torque sensing. Hashimoto et al. in [6] exploited the flexibility of harmonic drives' flexsplines through the installation of strain gauges on them. The use of four pairs of strain gauges in a full bridge configuration was presented such that the effect of torque ripples is rejected. However, it requires a precise strain gauge installation that is practically difficult, and complicates wire routing that it may compromise sensor robustness and maintenance. Several studies [7] - [9] focused on addressing the torque ripple problem. However, the design of a separate load cell component emerged as a more reliable solution. An apparatus equipped with six pairs of normal strain gauges cancelling unwanted loadings was proposed in [10] . Aghili et al. in [11] focused on the load cell design and gauge placements such that a stiff load cell with low sensitivity to non-axial loadings can be achieved. The sensor presented in [12] operates with four pairs of strain gauges to compensate temperature effects and transverse forces. Choi et al. in [13] presented a design for the cancellation of crosstalk from non-axial torques by installing strain gauges on specific spots of a truss structure. The torque sensor propounded in [14] is based on a pair of strain gauge bridges so that the torque ripples generated by harmonic drives can be minimised. Alternative to strain gauge based sensing principles have been also explored. Hazelden proposed an optical torque sensor [15] , based on an optical encoder measuring the torsion of a shaft. A different approach in [2] utilises contactless inductive transducers, and another method in [16] employs photo detector. Another similar technology used for deflection measurements is photo-interrupters [17] , [18] which provides optical torque sensing. Taking into account the requirements of high fidelity torque/force control, as explored in [19] , a large number of studies have focused on series elastic actuators (SEAs) [20] , [21] . Several designs for the replication of rotary compliance have been proposed in [22] - [28] . The evaluation of the crosstalk of non axial torque loads and ripple in SEAs, however, is often neglected.
This work introduces the development and evaluation of two torque sensors with the same specifications in terms of torque range (τ max = 150 Nm) size/volume and mechanical input/output interfaces. The two sensors are based on the strain gauge and encoder sensing principles and are shown in Fig. 1 . The main contribution of this work is the design and performance comparison of the two sensors via simulations and experiments from different perspectives including the crosstalk level of non axial moment loads, the torque ripple rejection, the time/thermal signal drift, linearity, bandwidth, resolution, noise, and finally fabrication cost. All the above are practical factors that are usually omitted or rarely discussed in the literature, however they significantly affect the precision of the sensor and the subsequent performance of the torque regulators. In that sense, the presented work provides valuable contribution and insights into the field towards high fidelity torque sensing and torque controlled actuators.
The rest of the letter is structured as follows: Sections II and III present the designs of gauge-based and encoder-based sensors, respectively, and analyses the main design features and performance in simulations. Section IV describes the experimental setup and experimental results. Finally, discussion and conclusions are addressed in Section V.
II. STRAIN GAUGE BASED TORQUE SENSING
The strain gauge based torque sensor introduced in this work is based on four-spoke-shape geometry in series with a short torsion bar. It is designed in such a way that it exhibits sufficiently large shear strains at specific spots of the load cell for exciting the gauges, while the component's output rigidity is not compromised. A CAD image of the sensor is depicted in Fig. 2 (a) in which the spots specified for mounting gauges are distinguished in dark colour. The Finite Element method (FEM) evaluation of the component was performed using the PTCCreo software, and the mesh structure generated for the analysis is presented in Fig. 2(b) . The load cell material is 17-4PH steel hardened with a standard heat treatment, exhibiting Young's For quantifying the axial moment, strain gauges are installed as shown in Fig. 2(c) . To select the configuration of gauge interconnections, three load scenarios are considered: 1) Axial Torque: when a pure axial torsional moment is applied to the torque sensor component, i.e. torque axis is perpendicular to the YZ-plane shown in Fig. 2 (c). The concentration spots are then under equal strains generating a change in the resistance of strain gauges. This scenario is shown in Fig. 5(I) , and the corresponding FEM analysis results are shown in Fig. 3 . The effect of thermal variation triggering t change in the resistance of gauges is also considered. It can be seen that the maximum stress, as compared to yielding strength, implies a safety factor over 2; and the displacement of the component represents a stiffness of 43 450 Nm/rad. 2) Non Axial Torque: if the sensor component is subject to non-axial moments, i.e. the torque axis is inside the YZplane shown in Fig. 2(c) . To study this case, we consider eight different axes along which torques are applied. They are selected in such a way that a half-circle of the sensor front section is split into eight equal sections and two of these axes bisect the strain concentration spots. By considering the symmetry of the structure and scenarios, three different sets of strain magnitudes, and consequently resistance changes, are theoretically expected: { b1 , b2 , b3 , b4 }, { c1 , c2 , c3 , c4 } and { d1 , d2 }. These scenarios are illustrated in Fig. 5 (II) to (IX). For brevity, the FEM analysis results of only the first three scenarios are shown in Fig. 4 ; as those of other cases can be extracted from these cases, e.g. scenario V can be obtained by a quarter c.c.w. rotation and a reflection w.r.t. vertical axis. 3) Torque Ripples: this is a loading which can be generated for example due to the elliptical shape of the harmonic drive flex-spline. As studied in [6] , the torque ripple strains propagated in stress concentration spots shown in Fig. 2 , have sinusoidal modulation. The resistant change is then shown by r and the circular angle of flex-spline is denoted by ϕ in the last column in Table I . The resistance changes of the strain gauges corresponding to various loadings illustrated in Fig. 5 are shown in Table I , together with those corresponding to the torque ripples as the scenario X. The shearing distribution results are based on assumption of identical strain gauges of a resistance R mounted precisely in a symmetric way. The resistance change parameters a , and ij where i ∈ {b, c, d} and j ∈ {1, 2, 3, 4} are positive values considerably smaller than the resistance value R. The numerical results extracted from the FEM analysis for the first four scenarios (I-IV) are also reported. To evaluate the torque ripple effects in numerical simulations, as the torque ripple magnitude depends on the specific harmonic drive, assembly, and rotor motion frequency, we use the average (over different motion frequencies) torque ripple amplitude in the system, which is about 3 Nm. Since axial torque measurement is the primary objective, by considering the opposite sign variation of resistances in Table I , different full-bridge and half-bridge topologies can be employed for this sensor geometry. Fig. 6 demonstrates a set of conventional configurations. The output-input voltage ratio of the bridge (
) can be evaluated for the afore-mentioned topologies under the loading scenarios described in Fig. 5 . The results are reported in Table II when R ij with i ∈ {b, c, d} and j ∈ {1, 2, 3, 4} is taken into account. The calculation of numerical results in Table II are based on the FEM strain data reported in Table I and it relies upon the relation between resistance change and strain ε:
where γ is the gauge factor. The sensor prototype employs a set of strain gauges with a resistance of 350 Ω, and is made of modified-Karma-alloy representing a gauge factor γ = 2.1. The results in Table II can be summarized as follows: 1) Changing the series or parallel arrangement of gauges does not change the sensitivity of the sensor to torsion; unless changing the full-bridge to half bridge formation or vice versa. Furthermore, as expected, full-bridge formations (a, b, c, d) render twice as much sensitivity as half-bridge formations (e, f, g) to both torsional torques and thermal effects; and the temperature change effects on the bridge outputs are negligible when R t . 2) Setting individual strain gauges in parallel/series with those placed in opposing positions (w.r.t. the centre) reduces the crosstalk from the non axial moments, as compared with those placed in adjacent positions; (b, c, f) in comparison with (a, d, g). 3) Attaining zero crosstalk from non axial torques demands setting opposing gauges in series (c, f). 4) Torque ripple cancellation achieved by all formations, w.r.t. the torsional moment sensitivity, is the same. It can be seen that the formation (c) constructed by setting opposing gauges in series, as shown in Fig. 6(c) , exhibits the best performance, both in terms of sensitivity and crosstalk torque cancellation. The auxiliary voltage ratio parameters α i reported in Table II can be derived from the input/output voltage ratio relation of Wheatstone bridge, as follows: Table 1 formation number
The maximum torque τ max = 150 Nm causes max(V out ) = 6.3 × 10 −3 V in in full-bridge formations, when the temperature effects are negligible. Such a small voltage variation brings about the need for an amplifier. To exploit the maximum resolution while avoiding saturation of the ADC voltage, the amplifier gain is set such that the maximum output voltage of the bridge is half of the input voltage when considering the bi-directionality of applied torques. By accounting for a scaling factor χ 1, it is set to a value slightly lower than half of the input voltage, i.e. max(V out ) = 1 2χ V in . The amplifier gain can therefore be set by
The resultant strain measurement resolution of the above-said formations will be χ max(ε) 2 υ −1 , that implies a strain measurement resolution in bit of
The experimental sensor is powered with a 5 V supply. The gain κ a is then set to 72.7 for the full-bridge arrangement that corresponds to χ = 1.09. Considering also the 12-bit ADC employed, the torque sensing resolution is about 0.8 μ strain that is equivalent to 75 mNm. 
III. ENCODER BASED TORQUE SENSING
A torque sensor of the same specifications in terms of torque capacity, size/volume, mechanical input/output interface, and similar shape as the sensor introduced in Section II was also developed using the deflection encoder sensing principle, Fig. 7(b) . This sensor deflects as illustrated in Fig. 8(b) on the application of axial torque load and this deflection is monitored by a high resolution absolute encoder. The resolution of the torque sensor therefore depends on the stiffness K of the elastic element and the resolution of the encoder. Considering the torque(τ )-deflection(δ) relation τ = Kδ, the torque measurement resolution of this sensor is given by β = 2π K 2 η in Nm. It can be expressed in bit by considering the torque capacity of the sensor τ max as follows
For a target torque measurement resolution of 11 bits, and taking into account half a bit noise expected from the encoder, the target resolution for the load cell stiffness design is set to 11.5 bits, i.e. β = 50 mNm for the given torque capacity. When employing an encoder with a resolution of 19 bits per revolution, the load cell is designed to have an axial torsional stiffness of K = 4172 Nm/rad. To satisfy the large deflection and strength requirements, Beta-Titanium alloy (SB20) featuring a yielding strength of 1500 MPa, Young's modulus of 116 MPa, and Poisson's ratio of 0.32 was used.
Figs. 8 and 9 show the FEM simulation results on the sensor load cell, based on the mesh structure shown in Fig. 7(c) . Fig. 8 demonstrates the results associated with the application of a torsional moment of 150 Nm. The maximum stress in the component, as compared to the yielding strength, describes a safety factor of 1.14; and implies about two degrees deflection resulting in a stiffness of 4222 when taking the outer diameter of 63 mm into account. This matches the target stiffness with approximately 99% accuracy. Fig. 9 displays the simulation displacements when the load cell is subject to the non axial moments illustrated in Fig. 5 .
The sensor consists of two parts: an encoder ring mounted on the input flange interface, and the encoder chip board mounted on the inner side of the output flange; see Fig. 7 . The encoder chip board is fixed on the load cell surface that is under deformation resulting in the displacement of the encoder chip board when the load cell is under loading. The displacement of the board is extracted from the average deformation of the three mounting holes and it is reported in Table III, based on the displacement within the encoder board plane (x p ), and the displacement along an axis perpendicular to the encoder board plane (x n ) as displayed in Fig. 10 . Since a majority of high resolution encoders operates within a strict distance between the encoder ring and the encoder chip components, it is necessary to ensure the normal-to-plane displacements x n are quite lower than the admissible distance tolerances. The deflection encoder used for the torque sensor is a 19-bit AksIM MRA7 rotary absolute magnetic encoder which can tolerate ±100 μ m normal distance displacements between the encoder magnetic ring and sensor chip when they are initially placed at the right distance of 200 μm. The normal displacements extracted from simulations in Table III , i.e. x n , therefore remains below 10% of the feasible tolerance. The in-plane displacements x p , on the other hand affect the encoder reading depending on the encoder structure. The in-plane displacement can be composed of radial and tangential displacements, x r and x t , respectively. Based on the information reported in [29] , the rotary deflection error due to radial displacements is
where D is the encoder chip place diameter, δ re is the crosstalk deflection error and ς is the number pole-pairs on the magnetic disk. Considering D = 74 mm for the encoder we used, and assuming ς = 32, the maximum error due to a crosstalk torque of 150 Nm is about 0.1 Nm. The tangential displacement effect can, however, appear in a straight line and/or rotary displacements, x y and x δ , respectively. While the straight line displacement renders a change similar to normal displacement, a rotary displacement is read by encoder as rotary deflection, and the maximum displacement of 36 μm is equivalent to 4 Nm cross-talk torque for the prototype sensor of this study. However, it is not trivial to analyse and derive what portion of the in-plane motion results in straight-line and rotary motions. We leave this evaluation in the experimental validation. The cancellation of torque ripples, however, is not feasible using one encoder, and requires a secondary encoder so that the torque Fig. 11 . On the left an image of the actuator prototype with embedded torque sensor, on the right a schematics presenting the arrangement of components: rotor (and stator), harmonic drive (H.D.), torque sensor (T.S.), output link, four support bearings; and a locking plate to be attached to link for the test shown in Fig. 13(a) . ripples can be extracted from the two readings using recursive methods. It should be noted that the above-said analysis is valid for a class of magnetic encoder working with the same principle, although there are also other encoders with lower sensitivity to misalignment errors, which typically cost considerably more in terms of price and/or size.
IV. EXPERIMENTAL RESULTS
To evaluate and compare the performance of torque sensors described in Sections II and III, two actuator assemblies were prepared. Fig. 11 illustrates the schematics of both actuator assemblies showing the torque sensor supported by a four-point contact ball bearing on the back side, and a cross-roller bearing on the link side, when the outer mates of both bearings are grounded to the actuator housing. They are powered by identical driver/controller boards, and both employ 19-bit magnetic encoders for reading the rotor positions and 20-bit magnetic encoders for measuring the link positions. They are also equipped with the same harmonic drive providing a gearing reduction of N = 80. The data acquisition is carried out at 1 kHz, while the inner most control loop executing current control operates at 20 kHz.
To experimentally calibrate the sensors, and evaluate their linearity w.r.t. torque, a set of known torques were applied to the output flange (by applying known weights on a lever arm fixed to the output flange). Fig. 12 shows the collected data and the corresponding linear fit made with root mean square errors of 0.3014 and 0.4833 Nm for deflection-encoder-based and strain-gauge-based sensors, respectively. It should be noted that, the encoder based sensor exhibits a stiffness of 4507 Nm/rad showing 6.7% difference w.r.t. the simulation result. The straingauge system also presents 7.9% deviation as compared to the simulation results. The encoder-based and strain-gauge-based sensors therefore provides resolutions of 11.4 and 10.9 bit, respectively. Finally, the two torque measurements reveals ±0.46 and ±0. 26 Nm noise levels that are equivalent to 0.31% and 0.17% of the torque capacity.
A. Sensor Bandwidth
The bandwidth of the two sensors was also experimentally evaluated. A current chirp reference with an amplitude of 5 A, which is equivalent to a torque of 35 Nm after the harmonic drive, was applied to the motors with locked output as shown in Fig. 13(a) . The bode plots extracted from collected data are shown in Fig. 14 , and the response of identified second order linear model, describing the gain/phase responses of the torque over current. As expected, the gain values of both torque sensing setups at low frequencies are the same, while their bandwidth is not (14.24 Hz and 28.05 Hz for the encoder-based and gaugebased sensors respectively) due to the significant difference of sensor stiffness levels.
B. Crosstalk of Non Axial Moments
The robustness of the sensors with respect to the crosstalk from non axial moment loadings was also analysed. The prototypes are therefore mounted in a way that the rotation axis is perpendicular to the ground, and hanging weights on the output shaft applies non axial moments, when the output flange is mounted in three different angles w.r.t. the horizontal axis of the sensor. The non-axial torque scenarios II, IV and VI shown in Fig. 5 , as well as the exertion of force along different axes are therefore experimentally executed, and the results are shown Strain-gauge sensor Deflection-encoder sensor in Table IV . It can be seen that the crosstalk levels of strain-gauge sensor are half of those measured on encoder-based sensor. In comparison with simulation results, the strain-gauge sensor cannot perfectly cancel the non axial moments. It is an expected result due to imperfections in installation of gauges; although, only 0.4% crosstalk of the applied non axial moments is measured. The deflection encoder, on the other hand, demonstrates 0.7% sensitivity which is smaller than the upper-bound of the simulation approximation (between 0.2% and 2.8%).
C. Torque Ripples
The torque ripples effects, disturbing the accuracy of torque measurement sensing in the two prototypes, were also monitored and evaluated. Hence, a two full-turn forward and backward motions of the rotor is performed when the output link is not connected, and the variation of torque sensor readings versus rotor angle θ is illustrated in Fig. 15 , together with the corresponding FFT results describing the share of different spatial frequencies ω. The standard deviation of the strain-gauge and encoder torque readings are 0.3 and 0.94 Nm, respectively; showing better torque ripple cancellation using the strain-gauge-based sensor. Specifically, for the frequency ω = 2 per/rev which is related to the harmonic drive ripples, one can see that the straingauge-based sensor can successfully cancel this effect, while the deflection-based sensor cannot reject or reduce it. 
D. Thermal/Time Drift
Two experiments were carried out to evaluate the sensitivity of the sensors to time/thermal changes. Fig. 16 presents the torque reading of the sensors collected in one hour. It can be seen that, while the deflection torque is not subject to any time-dependent change, the strain-gauge torque varies by 0.3 Nm over an hour which is due to temperature variation of gauges as the current flow passes through them.
Next, the two prototypes were subject to heat flow imposing a temperature variation, as shown Fig. 13(b) . Fig. 17 illustrates the evolution of torque when the temperature gradually changes from 25 to 65 degrees Celsius during five minutes. The encoderbased sensor demonstrates less than 0.1 Nm change, the strain gauge output varies by about 0.7 Nm. While the full-bridge arrangement of strain gauges is theoretically known for the cancellation of thermal effects, imperfections in strain gauges and imprecisions in their installation make it practically infeasible to provide full temperature and self-heating effect compensation although the effect can be minimized by adopting well known thermal compensation techniques based on passive resistive elements and active monitoring of the load cell temperature.
V. DISCUSSION AND CONCLUSIONS
Two torque sensors with equal specifications in terms of torque range, dimensions and mechanical interfaces were developed using strain gauge and encoder sensing principles. The design of proposed sensors was elaborated and the effect of various loading scenarios were evaluated using FEM simulations. The performance of the sensors was experimentally examined in terms of linearity, resolution, noise level, bandwidth and time/temperature drift. Their capabilities of cancelling the torque ripples and minimising the crosstalk from non-axial loads were also measured.
In terms of fabrication cost, both types include the machining cost of the load cell element that is almost the same for both sensors, although the fabrication time of the encoder based and gauge based load cells are different, 5.5 and 2.1 hours, respectively. If the required stiffness level can be achieved with both sensor principles our choice will be the encoder based sensor that requires less laborious realization regardless the longer fabrication time. However for systems/applications demanding high stiffness levels that can eventually reduce the resolution of the encoder based sensor the strain gauge type will be the option as its resolution can be recovered by tuning the gain of the instrumentation amplifier to compensate for the lower strains in the stiffer sensor. In the pros of the deflection-encoder-based sensor we should mention the easier installation of the encoder sensor compared to the mounting procedure of the gauge sensors. In addition to fabrication cost, the cost of encoder (200 € for the encoder used in this work) or that of four pairs of strain gauges (approximately 15 € per each pair) with an additional cost of 100 € for the installation should be included.
Furthermore, the strain-gauge-based sensor provides better rejection of non axial moments crosstalk and torque ripples; although this sensor suffers from higher signal drift compared to the encoder based sensor. The encoder-based sensor, on the other hand exhibits lower signal drift. However, it cannot cancel torque ripples like those generated by harmonic reduction drives. Furthermore, the miniaturisation of encoder-based sensor is limited by the dimension of encoders, while the strain-gauges-based sensor can be scaled down to a large extent. It should be noted that, while the proposed evaluation has been carried only for the presented implementation, different implementations may produce slightly different results. Nevertheless given that the two sensors and actuators setups share the same implementation details and properties in terms of realization, sensor support the comparison outcome should not differ significantly between the two sensor principles.
While the two sensors compared in this work exhibits stiffness values with almost one order of magnitude difference, they can also be designed with different stiffness levels depending on the needs of the system and joint specifications in terms of compliance level. See for example the work of [30] where different stiffness levels are needed for each joint of the compliant arm. Furthermore, robots developed for various applications necessitate different joint stiffness levels, e.g. accurate positioning necessitates high stiffness while safe and robust physical interaction demands higher compliance to reduce impact forces.
As discussed in Section III, the torque measurement resolution, as noted in (10) , exhibits an inverse proportionality to the stiffness. The resolution of strain gauge sensor depends on the resolution of the ADC while that of the encoder based sensor is strongly related to the encoder resolution. Furthermore, the final resolution of both sensors can be affected by material mechanical properties inaccuracies, fabrication/dimensions tolerances as well as imprecisions on the electronics components in the case of the strain gauge sensor.
It is worth mentioning that to achieve resolutions better than the 11 or 12 bit as in these prototypes, the encoder based sensor will require the use of higher resolution and more expensive Fig. 18 . Change in torque measurement resolution with respect stiffness for a set of position encoders, and variation of torque capacity versus stiffness for a given torsion bar (by changing the outer diameter). encoders or the significant reduction of the load cell stiffness. Although the second option is possible, at the same time the torque capacity of torsional components is limited by the developed stress in the load cell due to the applied load. This is co-related to the load cell stiffness, in such a way that reducing the stiffness lowers the torque capacity or the overloading safety factor provided that the geometry shape/volume does not vary significantly. Fig. 18 illustrates the change of torque measurement resolution with respect to stiffness for a given set of encoders, together with the change of torque capacity with respect to stiffness for a torsional bar when the outer diameter increments. 1 The stiffness of the strain-gauge-based sensor component can also change depending on the application requirement, although the stiffness may not directly change the resolution that is mostly defined by the resolution of the data acquisition system. The strain level increase on the concentration spots, however, enhances the measurement quality as it results in smaller amplifier gain and consequently less noise in torque readings. A comparison summary of the two sensors is provided in Table V . To conclude, encoder based sensors can be used for the robot joints that are subject to unexpected interactions, as impact absorption is highly required; while gauge based sensors are preferred for the robot joints rendering high bandwidth and precise motions.
